The oscillatory free convection about a horizontal circular cylinder in a Newtonian fluid in the presence of heat generation is investigated numerically by using the finite difference method. The surface temperature of the cylinder oscillates harmonically about the temperature of the surrounding medium. Heat is generated internally within the Newtonian fluid at a rate proportional to a power of the temperature difference. It is found that the presence of heat generation significantly increases the temperature and velocity distribution. The effects of the heat generation parameter and the Prandtl number on the surface rate of heat transfer, in terms of the local Nusselt number, and the surface shear stress, in terms of the local skin friction, are shown graphically from the stagnation point of the circular cylinder.
Introduction
The study of oscillatory free convective flow is very important in the engineering field of fluid mechanics. This is because such flows often occur in practice, while the heat generation is important for physical problems. Much information has been obtained about free convection over a circular cylinder, but less has been found about when this takes place in the presence of heat generation. Besides that, there are many related problems with the presence of heat generation but where the surface temperature is uniformly constant or steady. Vajravelu and Hadjinicolaou [1] presented heat transfer characteristics in a laminar boundary layer flow of viscous fluid over a linearly stretching continuous surface with viscous dissipation or frictional heating and internal heat generation. In this study, they considered the volumetric rate of heat generation, [W/m 3 ], to be
where 0 is the heat generation constant. The above relation is valid for the state of some exothermic processes having ∝ as the onset temperature. This study was extended by Vajravelu [2] to natural convection on a heated semi-infinite vertical plate with internal heat generation. The effects of heat generation over a plate, a cylinder, and a sphere have been investigated by researchers. The work conducted by Vajravelu and Hadjinicolaou [1] has been continued by other researchers. Chamkha and Issa [3] studied the effects of heat generation or absorption on a hydromagnetic flow over a flat surface, while Molla et al. [4] studied the natural convection flow along a vertical wavy surface with a uniform surface temperature in the presence of heat generation or absorption. Meanwhile, Ferdousi and Alim [5] considered the effect of heat generation on natural convection flow from a porous vertical plate.
Some works have also appeared on natural convection in the presence of heat generation over a horizontal circular cylinder. Molla et al. [6] studied an isothermal horizontal circular cylinder, and this work was extended in [7] to the existence of uniform heat flux. Molla et al. 's work [6, 7] was reviewed by Cheng [8] in relation to the study of a natural convection boundary layer on a horizontal elliptical cylinder with constant heat flux and internal heat generation, while the effect of radiation on a natural convection flow over a sphere in the presence of heat generation was investigated by Miraj et al. [9] .
Unsteady free convection about a circular cylinder where the temperature of the surface either oscillates or is constant was studied in application technology. The oscillatory circular cylinder problem can be solved either analytically or numerically. Merkin [10] was the first who studied this related problem in oscillatory free convection for an infinite horizontal cylinder. He solved it analytically by using a matching technique between the inner and outer boundary layers. Continuing the work of Merkin [10] , Chatterjee and Debnath [11] solved the problem by using the technique of separating the flow field into a steady and an unsteady part from the beginning in the governing equations. Ganesan and Rani [12] presented the problem of transient natural convection along a vertical cylinder with heat and mass transfer and solved it by using the implicit finite difference Crank-Nicolson scheme that had been used by Rani and Devaraj [13] in their study of the unsteady flow past a vertical cylinder with temperature oscillations. Jaman and Hossain [14] investigated the effect of fluctuating surface temperature on natural convection flow over cylinders of elliptic cross section and solved the problem by the most efficient and accurate implicit finite difference method together with the Keller-box elimination technique (also known as the Kellerbox method).
Some work on free convection over other types of geometric shapes was carried out by Verma and Singh [15] , who studied the effect of plate oscillations on horizontal free convection flow. Meanwhile, Hossain et al. [16] presented the heat transfer response of MHD free convection flow from a vertical heated plate to an oscillating surface heat flux. The solutions for general frequencies were obtained using the Keller-box method. The partial differential equations were reduced to a pair of linear ordinary differential equations and the solutions were obtained using a straightforward shooting method. A study of unsteady free convection heat and mass transfer in Walters-B viscoelastic flow past a semi-infinite vertical plate has been carried out by Prasad et al. [17] using an efficient, accurate, and implicit finite difference scheme of the Crank-Nicolson type. This method was originally developed by Prasad et al. [18] in their study of radiation and mass transfer effects on two-dimensional flow past an impulsively started infinite vertical plate. Udin and Kumar [19] studied unsteady free convection in a fluid past an inclined plate immersed in a porous medium numerically by using explicit finite difference, as demonstrated in Carnahan et al. [20] . Recently, Kasim et al. [21] considered the unsteady free convection flow over a three-dimensional stagnation point with internal heat generation or absorption; the governing equations were solved by an implicit finite difference method.
Oscillatory free convection about a circular cylinder in the presence of heat generation is new and has not yet been studied. The governing equations and boundary equations are first transformed into a dimensionless form. The resulting system of equations is solved by a finite difference CrankNicolson scheme.
Formulation of Problem
Two-dimensional oscillatory free convection on a circular cylinder of radius in presence of heat generation which is aligned in an ambient fluid of temperature ∞ is considered. The physical configuration considered is as shown in Figure 1 . The surface temperature of the cylinder is assumed to be where > ∞ . Extending the work of Molla et al. [6] and Merkin [10] , who considered the effect of heat generation on free convection, and oscillatory free convection on a cylinder, respectively, the equations for mass continuity, momentum, and energy are governed by
where is measured along the surface of the circular cylinder and is measured normal to the surface while is the time and and V denote the velocity components in the and directions, respectively. The gravitational acceleration acts downward and is the coefficient of thermal expansion. ( / ) is the angle of the -axis. is the temperature of fluid and ∞ is the temperature that is far away from the cylinder.
is the thermal conductivity, is the fluid density, is the specific heat at constant pressure, and 0 is a heat generation constant. The boundary conditions are defined as follows:
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Here is the temperature of the cylinder. is the frequency parameter. The above equations become dimensionless by substituting the following nondimensional variables:
where is the reference kinematic viscosity, Gr is the Grashof number, Pr is the Prandtl number, and is the heat generation parameter. By substituting the variables (4) into (2), the equations are reduced to the following form:
By assuming = , the corresponding initial and boundary conditions in dimensionless form are as follows:
By using the nondimensional quantities (4), the surface rate of heat transfer in terms of the local Nusselt number,and the surface shear stress in terms of the local skin friction are as follows:
Solution Procedure
The nonlinear partial differential equations (5) and (6) under the initial and boundary conditions (8) are solved numerically by an implicit finite difference Crank-Nicolson scheme. The region of integration is considered where an axis along the surface max = and an axis normal to the surface max = 30.0 corresponding to ∞ . There are and grid spacing in the and directions, respectively. The mesh points in the ( , ) plane by and , where = 0, 1, 2, 3, . . . , and = 0, 1, 2, 3, . . . , . The mesh sizes have been fixed as Δ = /150, Δ = 0.12 with time step Δ = 0.01. The iterative procedure is stopped when the time steps reach max = 30. The numerical values of the variables such as , and the temperature are obtained at specific points. The finite difference equations corresponding to (5), (6) and (7) are as follows:
The coefficients , and , in (11) and (12) 
Results and Discussion
The effect of heat generation on free convection on a circular cylinder with oscillating surface temperature was investigated. Solutions were obtained for several Prandtl numbers, Pr = 0.7, 2.0, 3.0, 7.0 and different values of the heat generation parameter = 0.0, 0.2, 0.4, 0.6, 0.8. A grid independence test was carried out when = 6.00 with = 0.2 and Pr = 0.7 by using sets of grids in the range of 50 × 150, 100 × 200, and 150 × 250 mesh points. Table 1 shows that there are insignificant differences between sets of grids with 150 × 250 mesh points and above. Therefore, for all computations of similar problems in this section a 150 × 250 grid will be used.
For the steady state, the comparison of the numerical results of the present study with those of Molla et al. [6] is discussed in Table 2 without the effects of heat generation ( = 0.0) and with Prandtl number Pr = 1.0. The results obtained start from the lower stagnation point of the circular cylinder = 0 and go up to the upper stagnation point = on the surface of the circular cylinder. The results of the present study and those of Molla et al. [6] are found to be in excellent agreement.
The temperature and velocity profiles are shown against the axial coordinate at different values of the radial coordinate . Here, the numerical results are those obtained at time = 6.00 with = 0.2 and Pr = 0.7. In Figure 2 , the temperature profile increases with . It is proved that the increasing values of from the lower stagnation point of the circular cylinder = 0 to the upper stagnation point = lead to an increase in the temperature profile. In addition, the temperature profiles near the surface are higher, and they decrease as the distance from the surface increases. The velocity profiles shown in Figure 3 increase from the surface of the cylinder and decrease for some value of . Nusselt number NuGr −1/4 which becomes negative for large values of . This is to be expected, since the heat generation mechanism creates a layer of hot fluid near the surface and hence the rate of heat transfer from the surface decreases. This phenomenon was discussed earlier in the section on Figures 5 and 6 as increases the fluid temperature near the surface increases. Since the fluid temperature near the surface increases, the viscosity of the fluid increases, leading the local skin friction Gr 1/4 to increase. Figures 9 and 10 present the effect of different values of the Prandtl number Pr = 0.7, 2.0, 3.0, 7.0 on the temperature and velocity profiles at = /6 and = 6.00 with heat generation = 0.2. These figures show that the fluid temperature and velocity distribution tend to be lower for higher Prandtl numbers. This is because, when the value of Pr is higher, the thermal boundary layer becomes thinner, leading to a decrease in the fluid temperature and in the velocity distribution. The reason for this is that Pr controls the relative thickness of the momentum and thermal boundary layers. As Pr decreases, the heat diffuses more quickly because the thickness of the thermal boundary layer is greater. This means that for gases, for which the Pr range is between 0.7 and 1.0, the thickness of the thermal boundary layer is much greater compared to water, for which the range of Pr is around 7.0 to 8.0. Furthermore, the temperature and velocity profiles decrease and approach zero as the coordinate of increases or the distance from the cylinder becomes greater. Figure 11 shows the effects of the Prandtl number on the local skin friction Gr 1/4 and the heat transfer rate NuGr −1/4 when = 0.2 at = 6.28. The local skin friction decreases as Pr increases from 0.7 to 7.0 while the local heat transfer rate increases. Increasing values of Pr will decrease the shear stress because Pr gives thicker velocity profiles; this can be seen in Figure 8 . This is the reason why the skin friction decreases. On the other hand, an increased value of Pr will increase the local heat transfer rate because when Pr becomes larger, the thermal boundary layer becomes thinner and the fluid temperature decreases.
Conclusion
Oscillatory free convection on a circular cylinder in presence of heat generation has been investigated in this paper with the different values of Prandtl number Pr = stagnation point ( = 0) to upper stagnation point ( = ). The effect of heat generation with different values of Pr on free convection about a circular cylinder with oscillating surface temperature has been analyzed. From the investigation, the interesting conclusion is summarized as follows.
(1) The effects of heat generation parameter on velocity and temperature profiles as well as on the skin friction and the heat transfer rate have been investigated. An increase in the values of heat generation parameter leads to increase both velocity and temperature profiles as well as the skin frictions coefficient but the local rate of heat transfer decreases for Pr = 0.7.
(2) The increase in Prandtl number, Pr, with a fixed heat generation parameter leads to a decrease in all the velocity profile, the temperature profile, and the local skin friction coefficient, , but increases the local rate of heat transfer, Nu.
(3) The steady flow existing around the circular cylinder has been found. The temperature profile oscillates harmonically near the surface of the cylinder and there are no more oscillations as we move away from the surface.
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